Most concrete structures service under external loads and the studies of the external-loading effects on chloride diffusivity in these porous media remain insufficient. This paper reports a relationship between porosity variation and external load inspired by poroelastic theory. This porosity-load relationship, together with an empirical equation for chloride diffusivity versus porosity, provides an explicit diffusivity-load model for saturated porous media. Without the specific assumptions of geometries of the pores and the matrix phases, the present model shows flexible expressions. Comprehensive analyses are performed to demonstrate the effects of external load and initial porosity on the porosity variation, chloride diffusion coefficient, penetration depth and durable time of specific cement-based samples. Two models reported in the literature are employed for the purpose of comparison. Overall, initial porosity is a primarily dominative factor affecting the chloride diffusivity, penetration profile and durability of cement-based porous materials. Within the elastic regime, external loads only influence the outcomes in limited degrees.
Introduction
The penetration of harmful ions (e.g., chloride) into covering and structural concretes can essentially affect the durability of structures (Angst et al. 2009; Silva et al. 2017; Vilasboas and Machado 2017; Ishida 2017, 2018; Takahashi et al. 2018; Truong et al. 2019) . Most in-lab tests of chloride penetration into cement-based porous materials (CBPMs) were performed under free external stresses (Wongkeo et al. 2013; Mercado-Mendoza et al. 2013; Justnes et al. 2016; Petcherdchoo 2016; Silva et al. 2017; Vilasboas and Machado 2017) . However, structures always service under external stresses, which implies that the in-lab free-loading transport mechanisms may be inadequate to represent the real transport processes, and consequentially may bias durability prediction (Zhang et al. 2013) . Therefore, it is of significant importance to understand how and to what extent external loads affect the chloride diffusivity in CBPMs.
To date, numerous studies have been conducted to investigate the effects of external loads on the chloride diffusivity in CBPMs. By systematic experimental investigations, Wang and his collaborators measured the chloride distribution profiles of concretes under different compressive/tensile stresses, and assessed the changes of chloride diffusion coefficient by different loading levels (Wang et al. 2011 (Wang et al. , 2016a (Wang et al. , 2016b (Wang et al. , 2016c . Zhang et al. (2013) examined the chloride diffusion coefficient of concrete with different water-to-cement (w/c) ratios under repeated loadings, and found that both the environmental conditions and material proportions can obviously influence service life prediction. measured the chloride diffusion coefficients of concretes blended with fly ash and blast furnace slag under compressive/tensile loads, and indicated the important effect of cracks in high stress levels. Collaborating with researchers in different countries, Yao et al. (2017) reported a test method that allows determination of realistic diffusion coefficients for chloride ions in concrete under compressive/tensile loads. Similar tests have been reported elsewhere (Fu et al. 2015; Jin et al. 2016; Konin et al. 1998; Tegguer et al. 2013; Wang et al. 2016; Wu et al. 2016; Zhang et al. 2014; Zhang and Zhao 2016) . The results by the scholars mentioned above showed complex relationships between stress and chloride diffusion coefficient under compression, but simply monotonic relationships under tension. This suggests that the mechanical loads may enhance the detrimental effect of an individual environmental load on concrete obviously. Therefore, Yao et al. (2017) concluded that in realistic service life prediction, obvious synergetic effects of mechanical and environmental loads cannot be neglected.
Recently, based on elastic theories, Li (2016, 2017) , Du et al. (2015) and Jin et al. (2015) established elastic models to investigate the chloride diffusivity of water-saturated concrete or cement paste under compressive/tensile loads in low stress levels. To obtain explicit mathematical expressions, those models required specific geometric (micro/meso) structures of CBPMs. For instance, Xu and Li (2016) and Du et al. (2015) employed a simply spherical core-shell structure (or two-phase ring structure for two-dimensional case) to represent the pore-solid system of cement paste, and Xu and Li (2017) and Jin et al. (2015) extended this simple geometry to a multilayer structure for concrete modelling. The microstructure of CBPMs, however, would be much more complex than the simple core-shell structure (Zeng et al. 2010 (Zeng et al. , 2012a (Zeng et al. , 2012b (Zeng et al. , 2013 (Zeng et al. , 2014a (Zeng et al. , 2016 . Furthermore, classic elastic theory does not consider the possible effects of pore fluid on the deformation of porous media and the pore phase itself. Poromechanic theories provide new ways to study porous materials whose mechanical behavior is influenced by the pore fluid (Coussy 2004) . In fact, poromechanic methods have been successfully used to study most aspects of mechanical behavior and durability of CBPMs, e.g., multi-scale mechanical properties (Ulm et al. 2004) , drying shrinkages (Rougelot et al. 2009 ), alkaline silica reactions (Multon and Sellier 2016) , freezing-thawing swellings (Sun and Scherer 2010; Zeng 2011; Zeng et al. 2011 Zeng et al. , 2014b Zeng et al. , 2014c Zeng et al. , 2016 Wang et al. 2014 ) and multiphase transport in other porous media (Boxberg et al. 2015; Zheng et al. 2016) . Furthermore, poromechanic framework is robust to combine physical and/or chemical mechanisms, by which a porous material shows different properties (Coussy 2004) . This thus provides scientific incentives to investigate the applicability of poromechanics to assess the diffusion coefficient of chloride in CBPMs under external loads.
Here, following the studies by Li (2016, 2017) , Du et al. (2015) and Jin et al. (2015) , and taking the same scope of elasticity, a porosity-stress function based on micromechanical principles and volumeaveraging scheme for a water-saturated pore-solid system is established first. The responses of chloride diffusivity to porosity change are evaluated by an empirical model proposed by Zheng and Zhou (2008) . The porosity variation, chloride diffusivity, penetration profile and durability affected by external stresses for specific CBPM samples are then analysed with in-depth discussion. The findings of this work help clarify the influences of low-level external loads on diffusivity of harmful ions into CBPMs.
Theory background

General description
A CBPM specimen represented by a simple two-phase structure shown in Fig. 1 was considered first. Herein it is assumed that the solid matrix is homogeneous and isotropic, so its mechanical properties are the same at every place and to every direction. This assumption may oversimplify the material microstructure, because the solid matrix is composed of different phases, e.g., fine and coarse aggregates, low and high density C-S-H, calcium hydroxide, etringite, and unhydrated cement clinkers (Ulm et al. 2004) . However, for chloride diffusivity, these solid phases, comparing with the pore fluid, are impermeable. So it is reasonable to adopt the simple two-phase model for chloride transport in saturated CBPMs. Unlike the two-phase ring/spherical model reported by Du et al. (2015) , Jin et al. (2015) and Li (2016, 2017) , this model does not need a specific geometric configuration of material microstructure. Of course, complex geometric configurations for concrete can be employed if necessary; e.g., the three-phase model used by Liu et al. (2014 Liu et al. ( , 2015 Liu et al. ( , 2018 . Here the mechanical responses of the pores and solids to external loads are strictly under elastic framework, so the possible plastic and fracture processes taking place in the materials are excluded.
In macro scale, the globally mechanical constitutive equation of a porous medium can be given by (Coussy 2004) ,
where Σ and Ε are the (second-order) stress and strain tensors respectively, C is the (fourth-order) stiffness tensor, Β is a tensor representing the Biot coefficient, and P is the pore pressure. Note that, in general poromechanical configurations, only open (connected) pores are involved, so the entrapped air voids and other blocked pores are treated as a part of the solid matrix (Coussy 2004; Zeng 2011) . This is essentially different from the two-phase spheric structure used by Du et al. (2015) and Jin et al. (2015) where the pore phase is isolated by the solid shell. The stiffness tensor of a porous material can be evaluated by micromechanics with a volume averaging scheme (Ulm et al. 2004; Zeng 2011; Li et al. 2017) , which gives, , = (1 ) : :
where φ is the porosity (or the volume fraction of The volume averaging scheme allows us to write the macro global strain E as, =
( 1 ) ; = :
where v s 〈 〉 ε and v φ 〈 〉 ε are, respectively, the local strains of solid matrix and pore fluid.
The Biot coefficient Β is given by Coussy (2004) as:
For a porous medium with open pores and under constant pore pressure condition, Eq. (3) allows us to present a general function of the porosity variation Δφ versus the global strain E , which can be given by:
From Eqs. (4) and (5), one can easily find out the relationship between the Biot coefficient Β and the porosity variation Δφ , which can be expressed as:
Equation (6) tells that the Biot coefficient Β , in fact, bridges over the porosity change and the macro strain directly (Coussy 2004 ).
Stress-porosity relationship
For isotropic porous materials, the Biot coefficient Β reduces to a scaler , b
where s A is the scaler form of the fourth-order localization tensor s A . The micromechanical theory, together with the two-phase structure and volume averaging scheme, permits us to link the bulk properties of a porous material to those of the solid and pore phases by,
,
where K is the bulk modulus of the porous material, K φ and s K are the bulk moduli of the pore fluid and solid matrix, respectively, and A φ is the localization coefficient of the pore phase. From Eqs. (7) and (8), one obtains Eq. (9).
Equation (9) presents an estimation of Biot coefficient by the bulk moduli of the whole porous material and solid matrix. K can be measured by conventional mechanical measurements and s K can be measured by the methods in micro scales, e.g., nano-indentation (Ulm et al. 2004) .
The porosity variation then can be determined by Eq. (10).
Using the relationship = /3(1 2 )
, with v the Poisson ratio of the material, the current porosity can be linked to the external stress by,
where 0 φ is the initial porosity.
A key step to evaluate the current porosity is finding the relationship between the bulk moduli of the material and solid matrix. Generally, the relationship between bulk modulus of a porous material and its porosity follows a power function shown below (Munro 2001) .
For CBPMs, the powder n varies from 2 to 4.5 depending on the microstructure of the materials tested (Powers 1960; , Yaman et al. 2002; Velez et al. 2001) . Substituting Eq. (12) into Eq. (11) yields the dependence of the current porosity on the initial porosity and external stress as follows.
Note that Eq. (13) is of flexibility with n varying.
Previous models
By simplifying the representative concrete to a twophase ring structure, i.e., the pore phase shelled by the homogeneous solid phase, the classic elastic theory allows establishing planar force balance and compatibility equations Li 2016, 2017) . With appropriate boundary and initial conditions, Xu and Li (2016) gave the following equation that quantitatively describes the relationship between the current porosity φ and external stress .
Note that Eq. (14) proposed by Li (2016, 2017) , in fact, is a two-dimensional model.
In the three-dimensional case, Du et al. (2015) simplified concrete to a two-phase spherical structure (or core-shell structure) via the same scheme used by Li (2016, 2017) and obtained,
where v ε is the volume strain of the porous material under external loads, w K is the bulk modulus of the water phase confined in the pores. Note that Eq. (15) does not show the porosity-stress relationship directly, so it remains required to evaluate the dependence of volume strain v ε on external stress . σ
Porosity-associated chloride diffusion coefficient
The diffusion coefficient of chloride in CBPMs strongly depends on the pore structure and microstructure. By adopting the general effective medium theory, the twophase composite structure and the assumption of impermeable solid phases, Zheng and Zhou (2008) obtained an explicit function for the relationship between chloride diffusion coefficient and porosity, which is, (Pivonka et al. 2004) , and n is a parameter fitted from experimental data, = 14.44 n (Zheng and Zhou 2008) .
When deducing Eq. (16), Zheng and Zhou (2008) employed the classic structure model of hardened cement pastes by Powers for estimating the volumes of the gel and capillary pores. The authors further proved that the pore space in the two-phase model is always percolating for hardened cement pastes, so there are no different effects between the gel and capillary pores for diffusivity in the model. Here neither the structural effect of CBPMs on chloride diffusivity (Liu et al. 2018) , nor the effects of pore or crack size and connectivity Li 2015, 2018) are considered, so the generally time-and microstructure dependent chloride diffusivity reduces to the simply porosity-dependent case in this study. This simple and easy-to-use model, together with the explicit function of porosity-to-external stress, i.e., Eq. (13), allows directly bridging over the diffusivity and external stress without further complex numerical calculations. Going beyond this, the method can be extended to predict other porosity-associated properties of CBPMs.
Model analyses
Effect of stress on porosity
To quantitatively evaluate the relationships between Poisson ratio = 0.28 v Du et al. (2015) , Xu and Li (2016) Fig. 2 3-D plots of (a) current porosity φ and (b) its deviation against initial porosity 0 φ and effective external stress σ in the present model with = 3 n .
current porosity and external stress (or volumetric strain), several material parameters are needed; see Table 1 . For ordinary CBPMs, the initial porosities between 0.2 and 0.6 and the stress interval between 20 − MPa (compression) to 10 MPa (tension) are adopted. It is assumed that the CBMP specimens with different initial porosities remain following the similar microstructure configuration shown in Fig. 1 , so the poroelastic model works thoroughly. Figure 2(a) shows the 3-D plots of current porosity φ against initial porosity 0 φ and effective external stress σ by the present model with = 3 n . Obviously, the initial porosity 0 φ is a dominative factor affecting the current porosity under the assumed external stresses. The influences of the external stresses on the current porosity become more obvious when the initial porosity is raised. The results are consistent with the data reported elsewhere Xu and Li 2016) . For clearer illustration, the deviation of current porosity (DP) from the initial one is used to explore the effect of external stress. It can be expressed by,
The obvious changes of DP to the initial porosity and the effective external stress can be found in Fig. 2(b) . The values of DP can be raised up to 2% under the compressive stress of 20 − MPa for the CBPM with the initial porosity of 0.6.
For the purpose of comparison, the results predicted by Du et al. (2015) and Xu and Li (2016) are also adopted. In the model by Du et al. (2015) , the authors have not provided a direct relationship between DP and external stress. Instead, they set the macro volumetric strain as the only variable; see Eq. (15). To obtain the explicit expression of porosity-stress relationship, a strain-stress equation for isotropic and homogeneous materials is used to link the macro volumetric strain v ε to the external stress σ , which yields:
The effective bulk modulus of a porous material can be calculated as below by a simple Maxwell estimate (Maxwell 1904) .
Note that one may use other estimates, e.g., the MoriTanaka method or alternative self-consistent approaches (Ulm et al. 2004; Zeng 2011; Li et al. 2017) , to replace Eq. (19) to evaluate the bulk modulus of porous materials. Figure 3 displays the φ σ − curves at the initial porosities of 0.3, 0.4, 0.5 and 0.6 predicted by different models. Apparently, all the modelled curves show almost linear responses to the external stress, although the φ σ − relations reported by Du et al. (2015) and Xu and Li (2016) are governed by complexly nonlinear equations. When the initial porosity is relatively small, e.g., 0 = 0.3 φ , the φ σ − curves by Eq. (15) and the present model with = 2 n are almost superposed; see Fig. 3(a) . As the initial porosity increases, the φ σ − curve by Eq. (15) Fig. 3(a) ]. Furthermore, the present model with the power index = 3 n always yields larger porosity deviations than the other two models. For instance, under the compress stress of 20 − MPa, a CBPM sample with 0 = 0.6 φ shows more than 2% porosity changes by the present model, but only 0.15% and 0.25% porosity changes by Eqs. (14) and (15), respectively [ Fig. 4(d) ]. Those observations are constitutively governed by the mathematical expressions presented in the previous section. Given that the changes of bulk modulus of CBPMs with porosity approximately obey the power function with = 3 n as evidenced by experimental observations extensively (Powers 1960; Yaman et al. 2002; Velez et al. 2001) , it could be inferred that the φ σ − relations reported by Xu and Li (2016) and Du et al. (2015) may underestimate the porosity changes of CBPMs under external stresses.
Effect of stress on diffusion coefficient
The effect of external stress on the diffusion coefficient of CBPMs, under elastic approximations, can be described by a combination of φ σ − and D φ − relations. Figure 5(a) shows the 3-D plots of diffusion coefficient against initial porosity and effective external stress by the present model with = 3. n The initial porosity remains a dominative factor that governs the D φ − relation according to Eq. (16) (Zheng and Zhou 2008) , i.e., increasing the porosity augments the diffusion coefficient significantly and nonlinearly. Again, the obvious variations of diffusion coefficient under the external stresses in the range of 20 − MPa (compression) to 10 MPa (tension) can be observed only for the CBPM samples with relatively high initial porosity. This conclusion can be enhanced by the plots of deviation of diffusion coefficient (DDC) against initial porosity and effective external stress, where the DDC is defined by Eq. (20).
For example, when 0 = 0.6 φ and = 3, n the diffusion coefficient can be lowered by around 9% under the compression of 20 − MPa [ Fig. 5(b) ]. Following the analysing schemes presented in Figs. 3 and 4, it is shown how the external stress σ and initial porosity 0 φ affect the chloride diffusion coefficient in
CBPMs and to what extents they changes. The results from the models reported by Xu and Li (2016) and Du et al. (2015) are employed for the purpose of comparison. Figure 6 displays the D φ − curves at the specific initial porosities of 0.3, 0.4, 0.5 and 0.6 predicted by different models. A first view of Fig. 6 reveals that the main results are very similar to those shown in Fig. 3 . This is because, for a material with a specific initial porosity, the D φ − relations that are deduced from the simple combinations of the constitutive functions, i.e., Eqs. (13) to (16) It is found that the shapes of the DDC curves are the same to these of the DP curves displayed in Fig. 4 . Nevertheless, the DDC values are substantially elevated by the present model. For example, under the compressive stress of 10 − MPa, the chloride diffusion coefficient of the CBPM sample with 0 = 0.6 φ can be depressed by around 4.5%, 0.3% and 0.5% as predicted by the present model with n=3, and the models by Xu and Li (2016) and Du et al. (2015) , respectively. Again, the DDC predicted by Du et al. (2015) decreases with increasing the initial porosity. This may explain why Du et al. (2015) observed that the external mechanical loads have bigger influences on the diffusion capacity for a material with a lower initial porosity.
CBPMs generally have complex microstructures and thus show significant variance of (compressive, tensile and shear) strengths caused by different raw materials, w/c ratios, curing conditions, etc. Those could yield different statuses of different materials under the same stress. To assess the mechanical status of CBPMs, an index, stress level λ , which is defined as the ratio between the applied stress σ and the measured strength t f of the material, i.e., = / t f λ σ , is introduced. Generally, when λ is relatively small, the material under test is in elastic status. To assess the effect of stress level on the chloride diffusion coefficient, a relative deviation of diffusion coefficient (RDDC) expressed by the equation below is introduced. Xu and Li (2016) and Du et al. (2015) are plotted for comparison, and n=1, 2 and 3 are used to generate the diffusion coefficient-stress curves in the present model].
Considering the chloride transport model by Zheng and Zhou (2008) and the porosity-stress relationship proposed by the present study, the first two terms of the right hand side of Eq. (21) are re-written as below. 
Based on a series of experiments, Wang et al. (2011) reported that the RDDC of a concrete may be constant.
Note that this equation only hold for the compression tests for (0.2, 0.6) λ ∈ (Wang et al. 2011) . Figure 8(a) compares the RDDC to the stress level λ by different models, where 0 = 0.513 φ is used according to Xu and Li (2016) . The RDDC values by the present model with = 3 n and the models reported by Xu and Li (2016) and Du et al. (2015) are 0.0613, − 0.0123 − and 0.0136, − respectively, which are systematically higher than the data obtained by Wang et al. (2011) . The results suggest that all the models used in this study may underestimate the effects of stress level on the diffusion coefficient of chloride in CBPMs. To achieve the same RDDC values reported by Wang et al.
Initial porosity (-)
Initial porosity (-) Xu and Li (2016) and Du et al. (2015) are plotted for comparison, and n=1, 2 and 3 are used to generate the curves of deviation of diffusion coefficient in the present model].
(2011), the power index should be increased to 5; see = is required; see Fig. 8(b) . This initial porosity is far higher than those of ordinary used CBPMs reported in the literature (Powers 1960; Zheng and Zhou 2008; Wang et al. 2011; Zeng et al. 2012a Zeng et al. , 2012b Zeng et al. , 2016 .
Here it is emphasized that the present model, following the models reported by Du et al. (2015) , Jin et al. (2015) and Li (2016, 2017) , works under the premise of elasticity. More extensive discussions on the effect of external stress on diffusive properties can be found elsewhere (Xu and Li 2016) . The deviations of the predicted results from the experimental data indicate that the elastic models can hardly involve all the mechanisms that govern the transport properties of CBPMs under external loads. For instance, cracks, creeps and rearrangements of C-S-H and the changes in pore shape may also alter chloride diffusion in CBPMs (VanDamme and Ulm 2009; Bary 2011; Liu et al. 2013; Zhu et al. 2017; Li et al. 2017) , which deserve more rigorous work in future.
Prediction of chloride diffusivity
Transport model
Diffusion of ions in a porous medium is often described by Fick's second law,
where ( , ) C x t is the concentration at the position of x after the transportation time of . t For simplification, the methods of Du et al. (2015) , Jin et al. (2015) and Li (2016, 2017) are followed here and only a one-dimensional diffusivity model displayed in Fig. 9 is considered. Only one surface of the CBPM specimen is exposed to the environment with chloride ions, and the side surfaces are sealed so that the exchanges of chloride ions between the environment and the material inside in one dimension are guaranteed. Initially, the concentrations of chloride on the material surface and body are zero. The initial and boundary conditions can be described by the following equations,
where s C is the environmental chloride concentration and kept constant during the whole transport process. Further, the following assumptions are made: (a) the pores and solid phases of the CBPM specimen are distributed homogeneously and thus the mechanical and transport properties are isotropic, and (b) no physical and/or chemical chloride combinations occur on the surfaces of the solid phases, so the diffusion coefficient is constant. With these initial and boundary conditions, the solution of Eq. (25) is given as (Crank 1979) ,
where erf is the Gauss error function. Equation (29) provides a simple function to predict the penetration profiles of chloride into CBPMs. Note that the oversimplifications in the physico-chemical interactions between chloride and cement hydrates may bias the predicted chloride profiles in CBPMs, more complex diffusion models that involve the chloride combinations and other affecting parameters can be found elsewhere (Khitab et al. 2005; Ishida 2017, 2018) .
Penetration profile
To elucidate the effect of initial porosity 0 φ and external stress σ on the chloride diffusivity of CBPMs, the chloride content-depth profiles of the specimens with four initial porosities ( 0 = 0.3 φ , 0.4, 0.5 and 0.6) and under two external stresses ( = 20 σ − MPa and = 10 σ MPa) are plotted; see Fig. 10 . The exposure time and the environmental chloride concentration are set as 50 years and 0.5%, respectively. From Fig. 10 , one can find that increasing the initial porosity can heavily alter the shapes of chloride content-depth profiles in the CBPM specimens, but neither the compressions nor the tensions change them significantly. This confirms that, as indicated by Li (2016, 2017) , initial porosity is a primary factor affecting the chloride penetration profiles in CBPMs. Generally, compressive loads depress the penetration rates and tensile loads, by the contrast, accelerate the Here the curves of the models reported by Xu and Li (2016) and Du et al. (2015) are plotted for comparison and n=1, 2 and 3 are used to generate the penetration profiles in the present model]. penetration rates; see the magnified sub-panels displayed in Fig. 10 . For example, when the CBPM specimen with 0 = 0.4 φ is exposed to 0.5% chloride for 50 years, the poroelastic model with = 3 n predicts that the depth profile of = 0.227% C moves backward by around 1.5 mm and forward by around 0.8 mm under the compressive load of 20 − MPa and the tensile load of 10 MPa, respectively; see Fig. 10(b) . The predicted chloride content-depth profiles by different models are also compared in Fig. 10 . As can be found in the figure, the chloride content-depth profiles by Xu and Li (2016) always merge with those by the poro-elastic model with = 1 n , and these by Du et al. (2015) change with the initial porosity under a certain load. The observations are certainly due to the constitutive φ σ − equations analysed in the previous sections.
Influence of durability
To understand how and to what degrees external stress influences the durability of CBPMs in service, the relationships between the exposure time and the chloride concentration of the CBPMs with a designed protective thickness are studied here. As an example, Fig. 11 shows the chloride content-time profiles of a CBPM specimen with 0 = 0.4 φ under different external loads predicted by the present model with = 3, n where the protective thickness is set as 30 mm (China Ministry of Transport 2004) and the critical chloride concentration is 0.2% (Angst et al. 2009 ). As shown in Fig. 11 , at 30 mm away from the exposure surface, it needs about 4.76 years to accumulate the chloride up to 0.2% for the CBPM specimen without external stress. After that, the risks of rebar corrosion can be heavily increased. Compressive and tensile loads, respectively, prolong and shorten the time for the total chloride concentration to get the critical value, but the influential extents are rather minor; see Fig. 11(b) .
Different models predict different durable time of CBPMs. Figure 12 summarises the changes of durability required to raise the chloride concentration to the critical value for a CBPM specimen with the cover thickness of 30 mm under different external stresses by different models. It shows that increasing the loading extent can enhance the variation in durability. However, the durability variations predicted with the models by Xu and Li (2016) and Du et al. (2015) are rather minor. As shown in Fig. 12 , the durability of the CBPM specimen under 20 − MPa increases by 10.4 and 19.7 days predicted with the models by Xu and Li (2016) and Du et al. (2015) , respectively. Even for the severest case, i.e., the present model with = 3 n , the durability only changes 60 days. The results obtained here reveal that external stress does not prolong or shorten the durability of CBPMs significantly by the elastic models. Again, the models discussed in this study may oversimplify the chloride transport mechanisms in CBPMs, because for real concrete structures, the loads may be over the elastic domain. Therefore, more rigorous studies are required to deepen the understandings of the migration of harmful ions into CBPMs in complex environmental and mechanical loadings in the future.
Conclusions
An analytical model is developed for estimating the chloride diffusivity in CBPMs under elastic loads inspired by poroelastic theories. Explicit porosity-stress and diffusion coefficient-stress equations of CBPMs are given. Without specific assumption of material geometries, the present model has flexible form that involves both the micromechanical constitutive equations and empirical (or experimental) bulk modulus-porosity relations.
Analyses on the porosity-stress and diffusion coefficient-stress relations of the CBPMs with specific initial porosities are conducted for exemplifications. The models governed by different constitutive equations show the different responses of porosity and chloride diffusion coefficient to external stress. Overall, initial porosity is a primarily important factor affecting current porosity and chloride diffusivity. The elastic models can hardly represent the experimental diffusivity-stress data reported in the literature.
The effects of external load and porosity variation on the chloride penetration profiles in CBPMs are studied by a one-dimensional model based on a simplified Fick's diffusion law. Compressive loads depress the penetration rates and tensile loads, by the contrast, accelerate the penetration rates. The influential degrees, however, are rather minor under the elastic conditions.
